Introduction {#Sec1}
============

The high collision energies at the large hadron collider (LHC) can result in the production of particles with transverse[1](#Fn1){ref-type="fn"} momenta, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$, much larger than their mass. Such particles are boosted: their decay products are highly collimated, and for fully hadronic decays they can be reconstructed as a single hadronic jet \[[@CR1]\] (a useful rule of thumb is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2M/p_{\text {T}} \sim R$$\end{document}$: twice the jet mass divided by the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ is roughly equal to the maximum opening angle of the two decay products). Heavy new particles as predicted in many theories beyond the Standard Model can be a source of highly boosted particles.

The work presented here is the result of a detailed study of a large number of techniques and substructure variables that have, over recent years, been proposed as effective methods for tagging hadronically decaying boosted particles. In 2012, the ATLAS experiment collected 20.3 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ of proton--proton collision data at a centre-of-mass energy of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s} = 8\,\mathrm{TeV}$$\end{document}$, providing an opportunity to determine which of the many available techniques are most useful for identifying boosted, hadronically decaying *W* bosons. In the studies presented here, jets that contain the *W* boson decay products are referred to as *W*-jets.

A brief overview of the existing jet grooming and substructure techniques, along with references to more detailed information, are provided in Sect. [2](#Sec2){ref-type="sec"}. The ATLAS detector is described in Sect. [3](#Sec5){ref-type="sec"}, and details of Monte Carlo simulations (MC) in Sect. [4](#Sec6){ref-type="sec"}. The event selection procedure and object definitions are given in Sect. [5](#Sec9){ref-type="sec"}.

The body of the work detailing the *W*-jet tagging performance studies is divided into a broad study using MC (Sect. [6](#Sec10){ref-type="sec"}) and a detailed study of selected techniques in data (Sect. [7](#Sec15){ref-type="sec"}).

In Sect. [6](#Sec10){ref-type="sec"} a two-stage optimisation procedure has been adopted: firstly more than 500 jet reconstruction and grooming algorithm configurations are investigated at a basic level, studying the groomed jet mass distributions only. Secondly, 27 configurations that are well-behaved and show potential for *W*-jet tagging are investigated using pairwise combinations of mass and one substructure variable.

In Sect. [7](#Sec15){ref-type="sec"}, one of the four most promising jet grooming algorithms and three substructure variables are selected as a benchmark for more detailed studies of the *W*-jet tagging performance in data. Jet mass and energy calibrations are derived and uncertainties are evaluated for the mass and the three selected substructure variables. Signal and background efficiencies are measured in $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ events and multijet events, respectively. Efficiencies in different MC simulations and event topologies are compared, and various sources of systematic uncertainty and their effects on the measurements are discussed.

In Sect. [8](#Sec22){ref-type="sec"} the conclusions of all the studies are presented.

A brief introduction to jets, grooming, and substructure variables {#Sec2}
==================================================================

Jet grooming algorithms {#Sec3}
-----------------------

The jet grooming algorithms studied here fall into three main categories: trimming \[[@CR2]\], pruning \[[@CR3], [@CR4]\] and split-filtering \[[@CR5]\]. Within each category there are several tunable configuration parameters, in addition to the chosen initial jet reconstruction algorithm, Cambridge--Aachen \[[@CR6]\] ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {C/A}$$\end{document}$) or anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{t}$$\end{document}$ \[[@CR7]\], and jet radius parameter *R*. The FastJet \[[@CR8]\] package is used for jet reconstruction and grooming. Jet grooming algorithms generally have two uses; (i): to remove contributions from pileup (additional *pp* interactions in the same or adjacent bunch crossings within the detector readout window), and (ii) to reveal hard substructure within jets resulting from massive particle decays by removing the soft component of the radiation.

The three major categories of jet grooming algorithms are described below:**Trimming**: Starting with constituents of jets initially reconstructed using the C/A or anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{t}$$\end{document}$ algorithm, smaller 'subjets' are reconstructed using the $\documentclass[12pt]{minimal}
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                \begin{document}$$k_{t}$$\end{document}$ algorithm \[[@CR9], [@CR9]\] with a radius parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$R = R_\mathrm{sub}$$\end{document}$, and removed if they carry less than a fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$f_\mathrm{cut}$$\end{document}$ of the original, ungroomed, large-*R* jet $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$. For reference, the recommended trimming configuration from prior ATLAS studies \[[@CR10]\] is anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$\ge ~5~\%$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_\mathrm{sub}=0.3$$\end{document}$.**Pruning**: The constituents of jets initially reconstructed with the $\documentclass[12pt]{minimal}
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                \begin{document}$$k_{t}$$\end{document}$ algorithms are re-clustered with the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {C/A}$$\end{document}$ algorithm with two parameters: $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_\mathrm{cut}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z_\mathrm{cut}$$\end{document}$. The $\documentclass[12pt]{minimal}
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                \begin{document}$$k_{t}$$\end{document}$ algorithm was used for re-clustering in previous studies \[[@CR10]\], but was not found to be as effective. In each pairwise clustering, the secondary constituent is discarded if it is (i) wide-angled: $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R_{12}$$\end{document}$ is the angular separation of the two subjets; or (ii) soft: $\documentclass[12pt]{minimal}
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                \begin{document}$$Z_\mathrm{cut}$$\end{document}$, where *M* is the jet mass and $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ fraction of the softer constituent with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ of the pair. A configuration of the pruning algorithm is favoured by the CMS experiment for *W*-jet tagging \[[@CR11], [@CR12]\], using C/A jets with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=0.8$$\end{document}$ and pruning with $\documentclass[12pt]{minimal}
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                \begin{document}$$Z_\mathrm{cut}$$\end{document}$ =10 % and $\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{2}$$\end{document}$.**Split-filtering**: This algorithm has two stages: the first (splitting) is based on the jet substructure, and the second (filtering) is a grooming stage to remove soft radiation. For the first stage, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {C/A}$$\end{document}$ jets are de-clustered through the clustering history of the jet. This declustering is an exact reversal of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {C/A}$$\end{document}$ clustering procedure, and can be thought of as splitting the jet into two pieces. The momentum balance, $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sqrt{y_{12}} = \frac{\min (p_{\mathrm T1}, p_{\mathrm T2})}{m_{12}} \Delta R_{12}, \end{aligned}$$\end{document}$$ where $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm T2}$$\end{document}$) is the piece with the highest (the lowest) $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{12}$$\end{document}$ is the invariant mass of the two pieces. The mass-drop fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _{12}$$\end{document}$ is the fraction of mass carried by the piece with the highest mass: $$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mu _{12} = \frac{\max (m_1,m_2)}{m_{12}}. \end{aligned}$$\end{document}$$ If the requirements on the mass-drop $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{y_{\mathrm {min}}}$$\end{document}$ are met then the jet is accepted and can proceed to the filtering stage. Otherwise the de-clustering procedure continues with the highest mass piece: this is now split into two pieces and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R_{12}$$\end{document}$ is taken from the splitting stage. Any remaining radiation outside the three hardest subjets is discarded. This algorithm differs somewhat from pruning and trimming in that it involves both grooming and jet selection. A version of this algorithm is favoured by ATLAS diboson resonance searches \[[@CR13]--[@CR15]\].

Substructure variables {#Sec4}
----------------------

Substructure variables are a set of jet properties that are designed to uncover hard substructure within jets. An important difference in the substructure variables comes from the choice of distance measure used in their calculation. The various distance measures available are illustrated in Fig. [1](#Fig1){ref-type="fig"}. The jet axis is usually defined as the thrust axis (along the jet momentum vector) and can also be defined as the 'winner-takes-all' axis which is along the momentum vector of the constituent with the largest momentum.Fig. 1Key to the various distance measures used in the calculation of substructure variables. The *large black circle* represents a jet in ($\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$) space. The *small*, *filled* (*orange*) *circles* represent the constituents from which the jet is reconstructed. The various distance measures indicated are used by one or more of the algorithms described in the text. The abbreviation 'wta' stands for 'winner-takes-all'

The many jet substructure techniques can be roughly categorised as follows:**Jet shapes** use the relative positions and momenta of jet constituents with respect to each other, rather than defining subjets. The jet mass, *M*, energy correlation ratios $\documentclass[12pt]{minimal}
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                \begin{document}$$a_{3}$$\end{document}$  \[[@CR19]\], and the planar flow, *P* \[[@CR19]\], all satisfy this description. The calculations of the jet mass and energy correlation ratios are described later in this section.**Splitting scales** use the clustering history of the jet to define substructures ('natural subjets'). The splitting scales studied here are $\documentclass[12pt]{minimal}
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                \begin{document}$${ T_{\mathrm {maj}} }$$\end{document}$, sphericity, *S*, and aplanarity, *A*, which have been used in a previous ATLAS measurement \[[@CR26]\].**Quantum-jet variables** The quantum jets ('Q-jets') method \[[@CR27]\] is unique in its class, using a non-deterministic approach to jet reconstruction. More information on the use of this method by ATLAS can be found in Ref. \[[@CR28]\].The variables found in the following studies to be most interesting in terms of *W*-jet tagging are described here in more detail.

**Jet Mass**:
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The "N-subjettiness" \[[@CR23], [@CR24]\] jet shape variables describe to what degree the substructure of a given jet *J* is compatible with being composed of *N* or fewer subjets. The 0-, 1- and 2-subjettiness are defined as: $$\documentclass[12pt]{minimal}
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Recent studies \[[@CR29]\] have shown that an effective alternative axis definition can increase the discrimination power of these variables. The 'winner-takes-all' axis uses the direction of the hardest constituent in the exclusive $\documentclass[12pt]{minimal}
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The 1-point, 2-point and 3-point energy correlation functions for a jet *J* are given by: $$\documentclass[12pt]{minimal}
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                \begin{document}$$\beta =2$$\end{document}$, it is noted that the 2-point correlation functions are equivalent to the mass of a particle undergoing a two-body decay in collider coordinates.

An abbreviated form of these definitions can be written as: $$\documentclass[12pt]{minimal}
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These ratios of the energy correlation functions can be used to generate the dimensionless variable $\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec5}
==================

The ATLAS detector \[[@CR30]\] at the LHC covers nearly the entire solid angle around the collision point. It consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged particle tracking in the range $\documentclass[12pt]{minimal}
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The calorimeter system covers the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$0.1\times 0.1$$\end{document}$. The solid angle coverage is extended with forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic measurements respectively.

A muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision chamber system covers the region $\documentclass[12pt]{minimal}
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A three-level trigger system is used to select interesting events \[[@CR31]\]. The Level-1 trigger is implemented in hardware and uses a subset of detector information to reduce the event rate to a design value of at most 75 kHz. This is followed by two software-based trigger levels which together reduce the event rate to about 400 Hz.

Data and Monte Carlo simulations {#Sec6}
================================

The data used for this analysis were collected during the *pp* collision data-taking period in 2012, and correspond to an integrated luminosity of 20.3 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$\langle {\mu }\rangle $$\end{document}$, of about 20. The uncertainty on the integrated luminosity, 2.8 %, is derived following the same methodology as that detailed in Ref. \[[@CR32]\] using beam-separation scans. Data quality and event selection requirements are given in Sect. [5](#Sec9){ref-type="sec"}.

Events from Monte Carlo generator are passed through a [Geant4]{.smallcaps}-based \[[@CR33]\] simulation of the ATLAS detector \[[@CR34]\], and reconstructed using the same algorithm used as for data. All MC samples are produced with the addition of pileup, using hits from minimum-bias events that are produced with [Pythia]{.smallcaps} (8.160) \[[@CR35]\] using the A2M set of tunable parameters (tune) \[[@CR36]\] and the MSTW2008LO \[[@CR37]\] PDF set. This simulated pileup does not exactly match the distribution of $\documentclass[12pt]{minimal}
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Monte Carlo samples for the *W* signal {#Sec7}
--------------------------------------

Samples of the hypothetical process $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ distribution of the combined signal *W*-jets sample matches that of the multijet background sample described in Sect. [4.2](#Sec8){ref-type="sec"}. These are used as the signal samples in the preliminary optimisation studies presented in Sect. [6](#Sec10){ref-type="sec"}.

The *W* boson tagging efficiency from top quark decays in data, detailed in Sect. [7](#Sec15){ref-type="sec"}, is measured using $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ samples simulated with the [Powheg]{.smallcaps}-BOX (version 1, r2330) NLO generator \[[@CR38]\] interfaced with [Pythia]{.smallcaps} (6.427). A cross-check is performed with [MC\@NLO]{.smallcaps}  \[[@CR39]\] (4.03), with parton showers provided by [Herwig]{.smallcaps} (6.520) \[[@CR40]\]+[Jimmy]{.smallcaps} (4.31) \[[@CR41]\]. In both cases, the next-to-leading order CT10 \[[@CR42]\] PDF set is used, and the top quark mass is set to 172.5 GeV. Single-top-quark events in the *s*-, *t*- and *Wt*-channels are simulated with [Powheg]{.smallcaps}-BOX interfaced with [Pythia]{.smallcaps} (6.426), with the Perugia 2011c \[[@CR43]\] tune. The *t*-channel is also generated with [Powheg]{.smallcaps}-BOX in the four-flavour scheme. Background *W*+jet and *Z*+jet events are simulated using [Alpgen]{.smallcaps}  \[[@CR44]\] (2.14) in the four-flavour scheme (*b*-quarks are treated as massive) followed by [Pythia]{.smallcaps} (6.426) for the parton shower. Up to five extra partons are considered in the matrix element. The CTEQ6L1 \[[@CR45]\] PDF set and the Perugia 2011c tune are used. For diboson events, the [Sherpa]{.smallcaps}  \[[@CR46]\] (1.4.3) generator is used with up to three extra partons in the matrix element and the masses of the *b*- and *c*-quarks are taken into account.

The effects of differences between the $\documentclass[12pt]{minimal}
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Monte Carlo samples for the multijet background {#Sec8}
-----------------------------------------------

The background sample used in Sect. [6](#Sec10){ref-type="sec"} is made up of several high-$\documentclass[12pt]{minimal}
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The *W*-tagging efficiency in multijet background events is studied on the same multijet samples as used for the optimisation studies, using [Pythia]{.smallcaps} (8.165) with the AU2 tune and the CT10 PDF set, and also a [Herwig]{.smallcaps}++ (2.6.3) sample with the EE3 tune \[[@CR47]\] and CTEQ6L1 \[[@CR45]\] PDF set. It is these samples that are used for the comparisons with data in Sect. [7](#Sec15){ref-type="sec"}.

The effects of differences between these samples due to using the leading jets (for the MC-based optimisation) or both leading and sub-leading jets (for the multijet background efficiency measurement in data) are discussed in Sect. [7.2](#Sec17){ref-type="sec"}.

Object reconstruction and event selection {#Sec9}
=========================================
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In all following discussions, the term constituents means particles in the case of truth jets and LCW topoclusters in the case of calorimeter jets.
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A comprehensive comparison of techniques in Monte Carlo simulations {#Sec10}
===================================================================

The initial phase of this study evaluates the performance of a large number of grooming and tagging algorithms in MC simulated events.
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First, in Sect. [6.1](#Sec11){ref-type="sec"}, more than 500 jet reconstruction and grooming algorithm configurations are selected based on prior studies \[[@CR10], [@CR11], [@CR60]--[@CR63]\]. The leading-groomed-jet mass distributions for *W*-jet signal and multijet background in MC are examined. An ordered list is built rating each configuration based on the background efficiency. The notation for the background efficiency at this grooming stage is $\documentclass[12pt]{minimal}
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Observations about pileup-dependence are summarised in Sect. [6.2](#Sec12){ref-type="sec"}. Jet grooming reduces the pileup-dependence of the jet mass and helps distinguish *W*-jets from those initiated by light quarks and gluons by improving the mass resolution, but does not provide strong background rejection. Further information coming from the distribution of energy deposits within a jet can be used to improve the ratio of signal to background.

In the second stage, 26 substructure variables are studied for all 27 selected jet collections. These studies are detailed in Sect. [6.3](#Sec13){ref-type="sec"}. Substructure variables can be calculated using jet constituents before or after grooming; in these studies all variables are calculated from the groomed jet's constituents, such that the potential sensitivity to pileup conditions is reduced.

The aim of these studies is to find an effective combination of groomed jet mass and one substructure variable. The background efficiency $\documentclass[12pt]{minimal}
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In Sect. [6.4](#Sec14){ref-type="sec"} the conclusions of these preliminary studies of combined groomed mass and substructure taggers are presented.

Performance of grooming algorithms {#Sec11}
----------------------------------

A set of more than 500 jet reconstruction and grooming algorithm configurations (introduced in Sect. [2.1](#Sec3){ref-type="sec"}) are explored within the parameter space summarised in Table [1](#Tab1){ref-type="table"}.

The signal and background mass distributions for a selection of grooming configurations in the range $\documentclass[12pt]{minimal}
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The groomed jet mass distributions for leading jets are examined for all combinations of grooming configurations for *W*-jet signal and multijet background. The background efficiency, $\documentclass[12pt]{minimal}
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**Trimming**:
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**Pruning**:

The performance of pruning is studied using both C/A and anti-$\documentclass[12pt]{minimal}
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**Split-filtering**:
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Fig. 4Mass windows and background efficiencies for various configurations of trimming (*R*=1.0 shown). The baseline systematic uncertainty on the background efficiency for the $\documentclass[12pt]{minimal}
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Pileup dependence {#Sec12}
-----------------

The influence of pileup on the reconstructed groomed jets is examined during the first stage of algorithm optimisation, and configurations that show large susceptibility to pileup after grooming are discarded. There are a number of methods \[[@CR61], [@CR65]--[@CR71]\] available for reducing the effects of pileup, either on their own or combined with grooming; these techniques are not considered in this study. Most grooming configurations almost completely remove the effects of pileup from the mean jet mass as illustrated in Fig. [8](#Fig8){ref-type="fig"} in which the correlation between average jet mass $\documentclass[12pt]{minimal}
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Performance of substructure variables {#Sec13}
-------------------------------------

Substructure variables are introduced in Sect. [2.2](#Sec4){ref-type="sec"}. A brief description of the variables studied in this analysis are listed below:The energy correlation ratios $\documentclass[12pt]{minimal}
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In addition to calculating the background rejection power at a particular signal efficiency working point, full rejection versus efficiency curves (so-called Receiver Operating Characteristic 'ROC' curves) are produced for each combination. An example showing the relationship between the *W*-jet signal efficiency and the multijet background rejection for the range $\documentclass[12pt]{minimal}
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Summary of grooming and substructure in MC {#Sec14}
------------------------------------------

Four grooming configurations, given in Table [6](#Tab6){ref-type="table"}, show consistently high performance in all $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$ bins. The jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$, mass and energy calibrations are derived for these four using a simulation-based calibration scheme, used as the standard one by ATLAS in previous studies \[[@CR10]\]. The mass window sizes for calibrated jets, the background efficiencies for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon _{W}^{\mathrm {G}} = 68\,\%$$\end{document}$ and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta \langle {M}\rangle /\delta \mathrm {NPV}$$\end{document}$ in the range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$200 < p_{\text {T}}\ < 350\,\mathrm{GeV}$$\end{document}$ are also given in Table [6](#Tab6){ref-type="table"}.Table 6The four favoured grooming configurations along with their mass windows (derived using calibrated jets), background efficiencies, and pileup dependence for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon _{W}^{\mathrm {G}} = 68\,\%$$\end{document}$ in the range $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$200 < p_{\text {T}}\ < 350\,\mathrm{GeV}$$\end{document}$Grooming configuration$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon _{W}^{\mathrm {G}} = 68\,\%$$\end{document}$ mass range (GeV)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\epsilon _{\mathrm {QCD}}^{\mathrm {G}}$$\end{document}$ (%)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta \langle {M}\rangle /\delta \mathrm{NPV}$$\end{document}$ (GeV)anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{t}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=1.0$$\end{document}$ trimmed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_\mathrm{cut}$$\end{document}$ = 0.05, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_\mathrm{{sub} } $$\end{document}$ = 0.261--93110.1--0.2anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{t}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=1.0$$\end{document}$ trimmed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_\mathrm{cut}$$\end{document}$ = 0.05, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_\mathrm{{sub} } $$\end{document}$ = 0.365--99160.5--0.6$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {C/A}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=1.0$$\end{document}$ pruned $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z_\mathrm{cut}$$\end{document}$ = 0.15, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_\mathrm{cut}$$\end{document}$ = 0.559--111160.9--1.1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {C/A}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=1.2$$\end{document}$ split-filt $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{y_{12}}$$\end{document}$ = 0.15, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_\mathrm{{sub} } $$\end{document}$ = 0.363--103130.1--0.3
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Detailed studies of selected techniques in data {#Sec15}
===============================================

This section describes a comparison of the *W*-jet and multijet tagging efficiencies measured using three tagging variables $\documentclass[12pt]{minimal}
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In data, a relatively pure sample of boosted, hadronically decaying *W* bosons can be obtained from decays of top quark pairs in the lepton-plus-jets decay channel: $\documentclass[12pt]{minimal}
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                \begin{document}$$W^{\prime }$$\end{document}$ final state used in the preliminary optimisation studies are given in Sect. [7.2](#Sec17){ref-type="sec"}. The systematic uncertainties are discussed in Sect. [7.3](#Sec18){ref-type="sec"}, and the distributions of mass and substructure variables in data and MC are presented in Sect. [7.4](#Sec19){ref-type="sec"}. The signal and background efficiency estimation procedures and their uncertainties are detailed in Sect. [7.5](#Sec20){ref-type="sec"}. A summary of the signal and background tagging efficiencies measured in data and compared to MC is given in Sect. [7.6](#Sec21){ref-type="sec"}.

In all the following studies, events are categorised according to the leading, reconstructed R2-trimmed jet $\documentclass[12pt]{minimal}
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Sample compositions and definitions {#Sec16}
-----------------------------------

Signal *W*-jets are extracted from $\documentclass[12pt]{minimal}
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The dominant backgrounds to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ event topology come from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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The leading non-top background process is production of *W* bosons in association with jets. The *W*+jets contribution is estimated using a data-driven charge asymmetry method \[[@CR75]\]. [Alpgen]{.smallcaps} + [Pythia]{.smallcaps} MC samples provide the event kinematics, and the relative flavour contributions and overall normalisation are determined from data. The flavour fractions are found using a control region in which there is no *b*-tagged jet requirement and instead of requiring a large-*R* jet, events are required to have exactly two small-*R* jets. The relative contributions from each jet flavour are found using the charge asymmetry and the flavour fractions are fixed for *W*+jets events in the signal region before the *b*-tagged jet requirement is applied. Finally, an overall normalisation is obtained by scaling the simulated *W*+jets charge asymmetry to match the charge asymmetry in data, after other charge-asymmetric backgrounds are accounted for using MC.

The contribution from multijet events to the sample composition is estimated by using loose lepton identification criteria and deriving the contribution of non-prompt leptons using the matrix method \[[@CR76], [@CR77]\]. This method relies on the fact that the tight lepton identification criteria selects primarily prompt leptons, while loose leptons that do not satisfy the tight criteria are primarily from backgrounds. The probabilities for a non-prompt lepton from multijet production which satisfies the loose/tight identification criteria are measured from data in control regions dominated by multijet events, with prompt-lepton contributions subtracted based on MC. The corresponding probabilities for a lepton from prompt sources (such as *W* bosons) which satisfies the loose/tight identification criteria are derived from MC samples, corrected using data-to-MC correction factors derived from $\documentclass[12pt]{minimal}
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Event topology effects in Monte Carlo simulations {#Sec17}
-------------------------------------------------

The preliminary MC-based optimisation studies in Sect. [6](#Sec10){ref-type="sec"} use a signal composed of well-isolated *W*-jets from the hypothetical process $\documentclass[12pt]{minimal}
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Despite the backgrounds in both event topologies being [Pythia]{.smallcaps} multijets, they are different in that the background efficiencies obtained in data include a leading-jet minimum $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ bin, \[350, 500\] GeV, is a mixture of leading and sub-leading jets. Jets softer than the sub-leading jet are not considered. In the background sample used for the studies in Sect. [6](#Sec10){ref-type="sec"} there is no comparison with data, thus there are no trigger requirements and the leading jet is always shown. A higher average jet mass is observed in the leading + sub-leading jet selection than with the leading-jet selection. This in turn leads to a higher background efficiency for the studies summarised in Sect. [7](#Sec15){ref-type="sec"} than for those in Sect. [6.4](#Sec14){ref-type="sec"}. These differences are relevant in that leading and sub-leading jets have different flavour compositions (light-quark versus gluon). Gluon-initiated jets have higher average mass than quark-initiated jets \[[@CR78]\].

The signal event topologies are more obviously different, with the $\documentclass[12pt]{minimal}
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                \begin{document}$$W^{\prime }$$\end{document}$ decay are also generally longitudinally polarised, making them potentially easier to distinguish from multijet background than *W*-jets from top decays, which are produced in both the longitudinal and transverse modes \[[@CR11], [@CR63]\].

The signal efficiency versus background rejection curves in the two different event topologies, including the differences in both signal and background, are shown in Fig. [15](#Fig15){ref-type="fig"}. The curves for tagging *W*-jets from the $\documentclass[12pt]{minimal}
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                \begin{document}$$W^{\prime }$$\end{document}$ against a leading-jet background indicate better performance in this event topology, with the magnitude of the difference depending on the substructure variable used for tagging. Figure Fig. [16](#Fig16){ref-type="fig"} shows the curves again, but this time the leading jet from the [Pythia]{.smallcaps} multijet background is used in both cases, thus removing the differences in background efficiencies, and isolating the differences resulting from the different signal event topologies. With identical background compositions, the performance is generally slightly better in the [Powheg]{.smallcaps}-BOX $\documentclass[12pt]{minimal}
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The mass distributions for the different signal and background samples are compared in Fig. [17](#Fig17){ref-type="fig"} for the lowest and highest $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ events provided by [Powheg]{.smallcaps}-BOX (*dotted red*). Two kinds of [Pythia]{.smallcaps} multijets are shown: the *solid black line* is for the leading jets only, and the *dotted red line* is for the leading and sub-leading jets. The ratios between the models is shown at the *bottom*. The inclusion of sub-leading jets, which are more likely to be initiated by gluons, results in higher-mass jets. The *vertical lines* represent the signal mass window

Systematic uncertainties {#Sec18}
------------------------

The sources of systematic uncertainty that are common to both the signal and background efficiency measurements include the jet mass scale (JMS), jet mass resolution (JMR), jet energy scale (JES), jet energy resolution (JER) and jet substructure variable (JSS).

The uncertainty on the JER is taken from previous studies \[[@CR79]\] and is parameterised as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$\pm 1 \sigma $$\end{document}$, using the standard deviation derived from the double-ratio method; this is described in detail below using the JSS as an example.

The systematic uncertainty on the JSS is needed in order to derive the full systematic uncertainties on the signal and background efficiencies. Uncertainties are derived using in-situ methods by comparing the measured calorimeter jet energy, mass and substructure variables to the same quantities measured by well-calibrated and completely independent detectors in both data and MC, using the double ratio:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \langle {X^\mathrm{jet} / X^\mathrm{ref}}\rangle _\mathrm{data}/\langle {X^\mathrm{jet} / X^\mathrm{ref}}\rangle _\mathrm{MC}\ , \end{aligned}$$\end{document}$$where *X* denotes a jet variable. In this case, track-jets are used as reference objects, since tracks from charged hadrons are well-measured and are independent of the calorimeter. In addition, the use of track-jets, where tracks are required to come from the hard scattering vertex, suppresses pileup effects. A geometrical matching in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$ plane is applied to associate track-jets with calorimeter-jets. This approach was widely used in the measurement of the jet mass and substructure properties of jets in the 2011 data \[[@CR10]\]. Performance studies have also shown that there is excellent agreement between the measured positions of clusters and tracks in data, indicating no systematic misalignment between the calorimeter and the inner detector. This technique achieves a precision of around 3--7 % in the central detector region, which is dominated by systematic uncertainties arising from the inner-detector tracking efficiency and MC modelling uncertainties of the charged and neutral components of jets.

The double ratio of Eq. ([11](#Equ18){ref-type=""}) is computed for two different MC generators, [Pythia]{.smallcaps} and [Herwig]{.smallcaps}++, and the largest disagreement between data and each of the MC generators is taken as a modelling uncertainty. The total uncertainty is then obtained by adding in quadrature this modelling uncertainty to the tracking efficiency uncertainty. Specific uncertainties for tracks inside the core of dense jets are not needed here, because only jets with $\documentclass[12pt]{minimal}
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Figure [18](#Fig18){ref-type="fig"} shows a set of six representative distributions for $\documentclass[12pt]{minimal}
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Large discrepancies between data and MC are observed for low-mass jets, while for masses around 80 GeV the data/MC agreement is within 5 %. In the distributions of $\documentclass[12pt]{minimal}
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                \begin{document}$$X^\mathrm{jet} / X^\mathrm{ref}$$\end{document}$ it is noticed that while the tails of the ratio distributions show discrepancies between data and the MC, the agreement is good for values of the ratio close to one, which represents the large majority of events. In summary, the scale uncertainty of the three jet substructure variables ranges between 1 and 5 % in the different kinematic regions.Fig. 18*Left* distributions of the mean calorimeter-jet / track-jet ratios as a function of the R2-trimmed jet mass for three tagging variables. *Right* distribution of these ratios for the three variables in data compared to the [Pythia]{.smallcaps} and [Herwig]{.smallcaps}++ models. **a**, **b** $\documentclass[12pt]{minimal}
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Additional, sub-dominant systematic uncertainties come from MC sources listed in Table [9](#Tab9){ref-type="table"} and described in Sect. [7.5](#Sec20){ref-type="sec"} in terms of the uncertainty on the final measured signal and background efficiencies. The full systematic uncertainty on the mass and substructure variables are obtained by adding each of the scale, resolution, statistical and MC uncertainties in quadrature.
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The jet mass distribution for the leading R2-trimmed jets in events satisfying the pre-selection criteria in Sect. [5](#Sec9){ref-type="sec"} are shown in Fig. [19](#Fig19){ref-type="fig"}. The data and events in [Powheg]{.smallcaps}-BOX + [Pythia]{.smallcaps} and [MC\@NLO]{.smallcaps} + [Herwig]{.smallcaps} simulations agree within the uncertainties detailed in Sect. [7.3](#Sec18){ref-type="sec"}. Distributions of the three tagging variables $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ events in data and [Powheg]{.smallcaps}-BOX  + [Pythia]{.smallcaps} MC for the combined electron and muon channel. Data points are shown with statistical uncertainties, and the combined MC is shown with full systematic and statistical uncertainties. The *lower panel* shows the data/MC ratio, with the statistical uncertainty on the MC given in the *black forward-slashed band*, and the full systematic uncertainty given in the *blue*, *back-slashed band*Fig. 20Distributions of the *W* candidate jet substructure variables before (*left*) and after (*right*) the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{21}^{\mathrm {wta}}$$\end{document}$. Data points are shown with statistical uncertainties, and the combined MC is shown with full systematic and statistical uncertainties. The *lower panels* show the data/MC ratios, with the statistical uncertainty on the MC given in *black forward-slashed bands*, and the full systematic uncertainty given in the *blue*, *back-slashed bands*

The jet mass distributions of the *W* boson candidates satisfying or failing to satisfy the medium signal efficiency requirement for each of the three substructure variables are shown in Fig. [21](#Fig21){ref-type="fig"}. The mass distribution for jets failing the $\documentclass[12pt]{minimal}
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Signal and background efficiencies and uncertainties {#Sec20}
----------------------------------------------------

Background efficiencies are measured in a multijet-enriched sample of data, using the large-*R* trigger and event selection described in Sect. [5](#Sec9){ref-type="sec"}.

The systematic uncertainties on the background efficiency measurements in multijet events are summarised in Table [8](#Tab8){ref-type="table"}. The uncertainties are propagated coherently through to the measurement and then added together in quadrature. The background efficiency uncertainty due the JSS uncertainty can be as large as $\documentclass[12pt]{minimal}
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Signal efficiencies are extracted from data by performing a template fit to the mass distributions of jets that satisfy or fail to satisfy the requirement on the given tagging variable. The signal template is constructed using the [Powheg]{.smallcaps}-BOX  + [Pythia]{.smallcaps}$\documentclass[12pt]{minimal}
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The statistical uncertainty on the efficiency measurement in data includes the statistical uncertainty of the templates. For most sources of systematic uncertainty, a variation of the fit is performed with templates modified by $\documentclass[12pt]{minimal}
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The full set of contributions to the systematic uncertainty on the signal efficiency is summarised in Table [9](#Tab9){ref-type="table"}, after applying the mass and $\documentclass[12pt]{minimal}
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Summary of *W* boson tagging efficiencies in data and MC {#Sec21}
--------------------------------------------------------
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The signal efficiency at the medium working point is not exactly 50 % because the selection requirements for the $\documentclass[12pt]{minimal}
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The data points are the result of fits using templates extracted from [Powheg]{.smallcaps}-BOX  + [Pythia]{.smallcaps}; the difference with respect to the results that would be obtained using templates from [MC\@NLO]{.smallcaps} + [Herwig]{.smallcaps} is added in quadrature as an additional source of systematic uncertainty.
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For the signal efficiencies, the uncertainty bands of the ratios account for the correlations in the systematic uncertainties between data and MC. In general, data and [Powheg]{.smallcaps}-BOX + [Pythia]{.smallcaps} agree better than data and [MC\@NLO]{.smallcaps} + [Herwig]{.smallcaps}. For the medium working point, there is agreement between the two MC models within 1$\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ higher than both the efficiency predicted by [Powheg]{.smallcaps}-BOX + [Pythia]{.smallcaps} and the measurements in data. There is a potential bias towards [Powheg]{.smallcaps}-BOX + [Pythia]{.smallcaps}, as this generator provides the signal template used in determining the background subtraction that is necessary to define the signal efficiency in data. However, even when using [MC\@NLO]{.smallcaps} + [Herwig]{.smallcaps} for the templates in the subtraction, [Powheg]{.smallcaps} + [Pythia]{.smallcaps} gives a better description of the signal efficiency measured in data. The differences in the MC signal efficiencies stem from the differences in the signal mass distributions between models; the mass peak has a different width, so the fraction of signal in the mass window (which is the same for both Monte Carlo samples) is already significantly different after the requirement on the groomed jet mass is applied (see for example Fig. [17](#Fig17){ref-type="fig"}).

Figure [25](#Fig25){ref-type="fig"} shows the $\documentclass[12pt]{minimal}
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Conclusions {#Sec22}
===========

Several combinations of jet grooming algorithms and tagging variables have been studied to find an optimal *W*-jet tagger in terms of (a) maximising multijet background rejection power for given values of *W*-jet signal efficiency; (b) minimising systematic uncertainties and the effects of pileup; and (c) the modelling of the jet mass and substructure variables in Monte Carlo simulations.

The signal efficiency working point $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm{{sub} } =0.2$$\end{document}$ ('R2-trimming') does particularly well in terms of removing pileup-dependence. Cambridge-Aachen pruning also provides significant discrimination for *W*-jet tagging, as does split-filtering without the mass-drop requirement. The irrelevance of the mass-drop requirement was shown previously in phenomenological studies \[[@CR82]\], and is verified here in MC samples with a full ATLAS detector simulation. Trimming with $\documentclass[12pt]{minimal}
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The signal and background efficiencies obtained using pairwise combinations of the R2-trimmed mass and three different substructure variables are measured in $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ of 8 TeV *pp* collisions recorded by ATLAS at the LHC. These are compared to various MC predictions which show in general good agreement within the uncertainties with the data measurements of signal efficiencies around 50 % for background efficiencies around 2 %.

In some configurations, significant differences are observed in both the signal and background efficiencies from different Monte Carlo predictions. This can provide important information to improve the Monte Carlo simulations for searches for physics beyond the Standard Model. It further highlights the potential for data measurements such as these to be utilised for tuning Monte Carlo simulations.

These studies are necessarily limited in scope to comparing simple two-variable taggers, made up of a groomed mass window and a substructure variable requirement, both of which are sensitive to $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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We thank CERN for the very successful operation of the LHC, as well as the support staff from our institutions without whom ATLAS could not be operated efficiently. We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF, DNSRC and Lundbeck Foundation, Denmark; IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC, Hong Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In addition, individual groups and members have received support from BCKDF, the Canada Council, CANARIE, CRC, Compute Canada, FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, FP7, Horizon 2020 and Marie Skłodowska-Curie Actions, European Union; Investissements d'Avenir Labex and Idex, ANR, Region Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation, Germany; Herakleitos, Thales and Aristeia programmes co-financed by EU-ESF and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, Norway; the Royal Society and Leverhulme Trust, United Kingdom. The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from CERN and the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA) and in the Tier-2 facilities worldwide.
